Asymmetric rolling (ASR) is a promising method for introducing shear deformation throughout the thickness of sheets. The induced shear deformation in ASR will result in texture evolution and which could also affect microstructural features controlling mechanical properties (such as the tensile strength). The main objective of this work consists of the investigation of the influence of ASR process on microstructure and texture evolution and their induced mechanical properties in interstitial free (IF) steel sheets. Both reverse and continuous asymmetric rolling were carried out to deform IF steel sheets. The results of optical microscopy observations showed no significant differences between the grain morphology of asymmetric and conventionally rolled (CR) samples. However, the obtained results of transmission electron microscopy (TEM) and electron backscatter diffraction (EBSD) indicated that fine and equiaxed microstructure was formed through the asymmetric rolling process. Texture evolution through plastic deformation has also been analyzed using X-ray diffraction. In addition, polycrystalline plasticity simulations were used to predict the texture evolution and the induced mechanical properties. The effect of the induced amount of pre-straining on the mechanical response of the samples through uniaxial tensile test has been studied. Results showed that at low thickness reductions (18%) the asymmetric rolled sample presents higher stress than that of the conventionally rolled sheet; while for higher thickness reductions (60%) the trend is reversed.
Introduction
Improving the mechanical properties is desirable for reducing the weight of engineering materials used in components. This can directly translate into significant economic gains. Such a challenge can be partially met by reducing the grain size and controlling texture evolution. This has been has demonstrated by experiments that were performed with equal channel angular pressing [1] , accumulative roll bonding [2] and high pressure torsion [3] . These previous works showed that shear plastic deformation applied through the methods, has a key role in grain refinement that allows for the production of the preferred texture in metallic materials.
However, a weakness of these processes is the fact that they are conducted on samples with limited dimensions. This is a key factor that greatly affects their potential for industrial applications.
Recently, the Asymmetric rolling (ASR) process has been introduced. This process is able to produce ultrafine grain materials as well as develop desirable crystallographic texture with enhanced performance in metallic sheets for particular applications [4] . The principal base of ASR is the elimination of symmetries of conventional rolling (CR) process which causes shear deformation throughout the thickness of the metallic sheet. Kim and Lee indicated that various configurations can be used including different circumferential velocities of the two working rolls due to their different diameters or rotation speeds [5] . Also, Utsunomiya et al. introduced shear plastic deformation throughout the thickness of metallic sheets by applying different lubrication conditions [6] . In our previous study, the effect of ASR and heat treatment on texture modification of an aluminium alloy and subsequently on their mechanical response has been taken into consideration [7] .
Furthermore, it was indicated that optimizing the process parameters, e.g. thickness reduction per pass, velocity ratios and contact conditions between the rolls and sample surface, can increase the shear plastic deformation through the sheet thickness [8] . The shear plastic deformation produced the desired texture, which resulted in enhanced mechanical properties in aluminium-magnesium alloy sheets. There have been a number of publications in recent years on the ASR process being used on steel sheets. Lee and Lee [9] employed the ASR at high temperatures on IF steel sheets and observed the impact of extra shear strain on texture evolution of IF steel during warm-ASR process whereas in the work of Wauthier et al. [10] , the influence of ASR on the texture evolution during post annealing of recrystallization in the same material has been taken into account. In addition, Ding et al. used ASR process to produce an ultrafine structure in commercially available iron sheets, with the goal of increasing the strength of metallic sheets [11] . Cai et al. took the advantage of ASR and dynamic transformation to produce a gradient-distributed ultrafine grain ferrite and martensite duplex structure in micro-alloyed steel sheets [12] . In spite of previous studies regarding the ASR of steels, the impact of shear plastic deformation introduced in ASR and the effect of strain path changing in multi pass ASR process on microstructure of steels and their induced mechanical properties have not been systematically investigated. In the present study, IF steel sheets were asymmetrically rolled and the influence of shear deformation and strain path changing on the micro-and macro-properties of the specimens is investigated.
Experimental procedures and modelling
The material used in the present study was 1.2mm thick IF steel sheet. The annealed sheet had an average grain size of about 25μm. The chemical composition is given in Table 1 . The as-received samples were subjected to four ASR (and CR) passes leading to 60% of total reduction. The ASR process was carried out using a velocity ratio equal to 1.5 of upper to lower working-rolls (4 and 6 rotates per minutes as absolute speeds for the working-rolls) and without lubrication. We designated these plastic deformation routes as CR for conventional rolling and two types of ASR:
 Reverse asymmetric rolling (R-ASR) in which the rolling direction was reversed after each step.
 Continuous asymmetric rolling (C-ASR) in which the samples were not reversed with respect to rolling direction.
Schematics of these processes are shown in Figure 1 .
Figure 1. Schematics of two passes of: a) CR, b) C-ASR and c) R-ASR processes
The resulting microstructure was investigated by optical microscopy and TEM. In addition, crystallographic texture measurement was performed using an X-ray diffractometer; with an X-ray texture goniometer, at the mid-thickness locations of the sheets. With the aim of studying the effect of using different strain paths on the microstructure and mechanical behaviors, heat treatment of recovery have also been carried out. For that end, the rolled samples were placed in an electrical furnace at 550˚C for 60 minutes. Subsequently, the influence of the heat treatment on the microstructure evolution was studied using EBSD analyses.
Furthermore, tensile test specimens were prepared along the rolling direction (RD) from CR and C-ASR sheets and the tensile tests were conducted at ambient room condition and an engineering strain rate of 10 their mechanical behavior was investigated by imposing total thickness reductions of 18%, 36% and 60%
followed by a recovery annealing as described previously.
The viscoplastic self-consistent (VPSC) model was employed in order to study the texture evolution through different types of rolling as described before. The VPSC model was firstly proposed by Molinari et al. [13] and was later developed by Lebensohn and Tome [14] . In this modeling, plasticity of the BCC single crystals of IF steel occurs by crystallographic slip on {110}<111>, {112}<111>, {123}<111> slip systems. The initial critical resolved shear stress is assumed the same for all slip systems.
The initial sample texture that was obtained from the X-ray data were used as input files for the VPSC code.
The macroscopically imposed velocity gradient for the sheets under CR and ASR processes is approximated by plane strain compression for CR and combined plane strain compression and shear for ASR (Equation 1):
Here, ̇1 1 , ̇3 3 and Furthermore, the VPSC model was used to simulate the tensile stress-strain curves of different samples and the predicted results were compared to the experimental ones. For that, the threshold resolved shear stressaccumulated shear strain relationship of a single crystal ( − ) proposed by Tome et al. [15] was used:
Here, τ 0 , θ 0 , θ 1 and (τ 0 + τ 1 ) are the initial critical resolved shear stress (CRSS), the initial strain hardening rate, the asymptotic hardening rate and the back-extrapolated CRSS, respectively. To determine these coefficients, we used tensile stress-strain curve of the CR sample as a reference and the values are therefore obtained by fitting, as presented in Table 2 . 
Results and discussion

Texture development under plastic deformation
In this section, the crystallographic textures are shown by ODFs in the Euler space represented by Phi1, Phi and Phi2 angles (Bunge's notation) [16] . Usually, the Euler space section at Phi2=45˚ is only presented since the most important texture components of BCC materials are in this section. Figure 3 shows the Phi2=45° section of the ODF presentation of the sheets deformed using CR and C-ASR. In order to facilitate the interpretation of the developed texture components in the study, the ideal components in ODF Phi2=45° section were displayed in the ODF presentations. The simulated texture of CR is shown in Figure 3a . The strong gamma fiber can clearly be seen in which E {111}<110> components are more pronounced ( Figure   3a ). The alpha fiber including the i {112}<-110> component can also be detected. Note that this type of texture (i.e. rolling texture) has also been reported by others; e.g. the investigation of Holscher et al. [17] .
However, the crystallographic texture of the C-ASR sample is more uniform and relatively weaker in comparison to the intense texture components of the CR sample (see Figure 3a and b). The F {111}<11-2>
and the weak i {112}<-110> can be detected in this ODF section. The shear strain imposed through C-ASR has caused the texture components to deviate from the ideal texture components. The measured textures from both processes are shown in Figure 3c and d. The simulated texture of CR is qualitatively in agreement with the measured texture. However, discrepancy between the predicted and the experimental textures is obtained for the sample subjected to C-ASR. Figure 4 illustrates the microstructure of C-ASR and CR samples after 60% reduction taken with an optical microscope. After both C-ASR and CR the grains appear elongated in the rolling direction. According to these results, no significant difference between the grains' size and shape in the investigated samples can be detected. However, in Figure 4a the darker regions appear with a wrinkled skin covering the elongated grains in the C-ASR sample. The observed feature may be associated with a different dislocation organization of the C-ASR sample, which could be due to the shear strain. The shear strain imposed through C-ASR causes the activation of different slip systems than those activated through CR, which result in different dislocation organizations. In order to study the dislocation organization of the metallic sheets deformed by C-ASR and CR, a TEM observation was carried out. The TEM observation of the 60%-reduction rolled samples using C-ASR and CR at different points are shown in Figure 5a and b, respectively. The substructure of C-ASR sample in Figure 5a is characterized by dislocation walls which form equiaxed dislocation cells, whereas the dislocation cells of CR sample are elongated along the RD (Figure 5b ). In addition, the dislocation cells produced during C-ASR are relatively smaller than those produced during CR. This is in agreement with the observation of Ding et al. [11] . The shear strain involved during C-ASR process allows for the formation of fine and equiaxed cells.
Microstructure evolution
For the same amount of reduction in sheet thickness (i.e. 60%), C-ASR introduces more equivalent strain than CR. This is due to additional shear plastic deformation being induced. Optimizing the ASR process to achieve more shear plastic deformation results in the introduction of more severe plastic deformation (i.e. SPD) [11] . It is for this reason that fine and equiaxed microstructure in C-ASR can be achieved by C-ASR. At the initial stage, a tangle of dislocations is formed inside the coarse grains which then provides the geometrically necessary boundaries are arranged to subdivide the grains into the dislocation cells. in ASR is more effective in the formation of fine and equiaxed grains than equivalent strain [22] . It should be noted that in some parts of the surface regions of the CR sheet sample, the equiaxed substructure can also be detected. This is associated with the shear deformation imposed by friction between sheet and the working-roll surfaces. However, due to the fact that only small parts of the CR sample sheet thickness experienced the shear deformation induced by friction, the majority of the sheet thickness is characterized by elongated substructure as shown in Figure 5b . cells are larger in comparison with those observed in the C-ASR sample (see Figure 5a and Figure 6 ). At first sight, these results seem to be in contradiction with the previous studies reported by Iwahashi et al. in that study it was reported that changes in strain path should promote the fine substructure [23] [24] . However, this approach is not generally accepted. In fact, Gholinia et al. has shown that a constant strain path is the most effective way to form fine grained structures for metallic sheets [25] . Figure 6 . TEM observation of the sample rolled for 60% reduction with R-ASR process. Figure 5 and Figure 6 presented the TEM substructure that was induced by various plastic deformation processes where the important characteristic feature is the various strain routes. In order to study the effect of strain path change on the activity of slip systems in each process, we analyse the so-called α parameter of CR, R-ASR and C-ASR (as defined by Schmitt et al. [26] ). This parameter represents the cosine of the angle between the strain routes of two successive passes. It also provides an estimate of the impact of strain path change on the activity of different slip systems (see details in Appendix).
Regarding the calculated α parameters for each process -as shown in the Appendix (αCR= αC-ASR=1 and αR-ASR<1), it can be inferred that slip system activities of the CR and the C-ASR processes do not change between the passes; i.e. slip occurs on the same crystallographic plane and direction in all passes.
Nevertheless, changing the sample direction between R-ASR passes leads to the activation of new slip systems and previous slip systems movement in opposite directions. This may result in a substructure in R-ASR sheets which is not well organized ( Figure 6 ) compared to that in C-ASR (Figure 5a ).
In order to avoid early sample fracture during the tensile test, therefore, allowing for the observation of the resulting microstructure and texture on the mechanical behaviour, a recovery heat-treatment was applied on the pre-deformed samples. The annealing temperature should be high enough to annihilate dislocation from the dislocation cells but should not be higher than recrystallization temperature.
Working within these parameters will allow for the developed texture during plastic deformation to be retained. It was experimentally observed that annealing at 550˚C for 60 minutes is an appropriate condition for recovery heat treatment for these rolled samples. The EBSD analysis of the C-ASR sample that were recovery heat treated shown in Figure 7 , indicates small and equiaxed grains. These grains are free of dislocations and possess high angle boundaries. It can be seen that those dislocations which have been produced through plastic deformation and distributed inside dislocation cells, were annihilated and reorganized in the boundaries during recovery heat-treatment. Since small and equiaxed dislocation cells formed through C-ASR (as seen in Figure 5a ), the grains and sub-grains after the heat treatment are small and have equiaxed shapes. Figure 8 shows the stress-strain curves (tensile test along the RD) for the samples deformed under CR and C-ASR. It shows the different reductions per pass after annealing. Each sample was subjected to 4
Total thickness reduction effects
passes giving rise to a total deformations ranging approximately from 18% to 60%. It can be noticed that for low reduction (18%), the stress-strain curve for the C-ASR sample presents higher stresses than the CR sample. However, for the 60% reduction, this is reversed and the higher stress levels were detected in the CR sheet. Such a phenomenon leads to the appearance of a transient behaviour for reduction RD TD ratios of around 36%. Figure 8 shows that the elongation of the tensile samples is higher for the CR at low thickness reduction and is the same for both CR and C-ASR for the high reduction.
Figure 8. True stress-true strain curves of CR and C-ASR samples after annealing along the RD.
Furthermore, the Lankford coefficients (R-value) of the deformed samples along the rolling direction (RD) are given in Table 1 . The R-value is defined as the ratio of plastic strain in the width direction to that in the thickness direction of the sheet under tensile loading.
= Equation 3
Here and are true plastic strain in the width and thickness of the tensile test sample, respectively.
The results in Table 3 show that imposing shear strain in addition to compression strain may lead to a slight increase in the R-value of the deformed sheets for low and high sheet thickness reductions.
However, at 36% reduction, the R-values of both samples are approximately the same. As previously indicated, the microstructure and crystallographic texture are the factors that determine the mechanical properties. The recovery heat-treatment results in a rearrangement of the substructure induced by the plastic deformation processes ( Figure 5 ). This causes misorientation angles of dislocation cell walls to increase and form a small and equiaxed morphology microstructure (Figure 7) . Additionally, crystallographic orientations of the deformed sheets remained unchanged throughout the described recovery heat treatment. The texture of C-ASR and CR samples presented in Figure 3 indicated that the rolling texture (particularly i, the gamma fiber), in the CR sample appeared with high intensities, while the C-ASR samples had weak texture. Consequently, the resulting features observed after low temperature annealing of the C-ASR samples in comparison with the CR ones, is a fine and equiaxed microstructure and a relatively less intense texture and deviated from rolling texture.
In order to evaluate the impact on the mechanical response of the produced texture, crystal plasticity simulations were performed using the VPSC model. For this purpose, the measured crystallographic textures from experiments of 60% reduction CR and C-ASR samples ( Figure 3 ) were used for simulation through uniaxial tensile test along the rolling direction. The calculated true stress-true strain curves of the CR and C-ASR samples are shown in Figure 9 . The calculated mechanical behaviour of the CR samples possesses higher stress than the C-ASR sample in each strain of tension. The experimental true stresstrue strain curve of the sample pre-deformed by 60% reduction of CR process is also shown in Figure 9 . With the purpose of understanding the role of different texture components on the macroscopic behaviour, VPSC modelling was employed to simulate the behaviour of each individual component of BCC materials through a uniaxial tensile test in RD as shown in Figure 10 . As shown, the <M> of the i and E texture components present a similar trend and are higher than other types of texture components in each particular strain. Hence in Figure 9 , the higher stress of CR is attributed with the strong i and E components of CR sample relatively to the C-ASR sample. The simulated curves reveal that the relatively strong rolling texture of the CR sheet (particularly E in gamma fibre and i components) may lead to an increase of the stress through tension in RD. On the contrary, concerning the Hall-Petch relationship [27] [28], a fine microstructure of C-ASR sheets may raise their stress levels higher than CR sample with a coarse microstructure.
In various total reductions (pre-strain), the factor of fine microstructure of the C-ASR specimen leads to an increase in stress; but in the higher reduction (60%) where the CR sheet has higher yield strength, the impact of crystallographic texture gets more effective. In other words, due to the small pre-strain of 18% total thickness reduction, the new textures have not completely developed. While at 60% total thickness reduction, the fully developed texture affects the mechanical response and increases the stress levels through tension in the rolling direction (Figure 8 ).
Conclusions
Two types of ASR processes were carried out on the interstitial free (IF) steel. This allowed for a study of the impact of shear strain on its macro and micro properties to be conducted. The crystallographic texture evolution as well as microstructure change was taken into consideration. The induced mechanical behaviors of the ASR samples were also evaluated. From the results obtained in this work, the following conclusions can be drawn:
 Texture analyses indicate that the developed texture of CR sample is relatively strong compared to the texture measured from the C-ASR sample. The microstructural analysis using optical microscopy indicates no significant difference in the morphology of two rolled samples by the ASR and CR processes. However, the substructure analyses of the ASR and CR samples observed by TEM and EBSD reveal different features in terms of their morphology and size. The dislocation cells formed during the C-ASR is equiaxed and small compared to those formed during the CR process, and consequently the fine microstructure formed after recovery heat-treatment in C-ASR specimen.
 The effect of strain path change during ASR passes (i.e. R-ASR) on the microstructure was studied: The substructure of the R-ASR sample is not-well-organized compared to that in the C-ASR sample. This can be attributed with the changing of the strain path between the ASR passes. However, the shear plastic deformation through the process led to the formation of (imprecisely) equiaxed dislocation cells in some part of observed region.
 The effect of sheet thickness reduction on the stress-strain curves of the rolled and annealed samples were studied. For low thickness reductions, the stress-strain curve of the C-ASR sample reveals the highest stress. At a 60% thickness reduction, the highest ultimate strength was recorded for the CR sample; i.e. presenting a transient phenomenon at the 36% rolling thickness reduction. where εpre is the tensor corresponding to the first plastic strain and εp the tensor representing the plastic part of the subsequent deformation.
Here, two passes of CR, as well as two passes of R-ASR and C-ASR are supposed to reduce the sheet thickness.
The first and second pass of each process (CR, R-ASR and C-ASR) are designated as εpre and εp respectively ( Figure 11 ).
Figure 11. The first and second pass of various strain routes: a) CR, b) R-ASR and c) C-ASR processes.
Here, is the shear strain imposed through the ASR processes and also 11 is the compressive strain in The calculated α parameters for two passes of CR and C-ASR equal 1, which means the strain path did not change between the passes and dislocations glide on the same slip systems used in the previous pass. In the R-ASR process, however, the α parameter is less than 1 which depends on the magnitude of relative to 11 ;
e.g. the α parameter of two passes of R-ASR process equals zero for the value 11 = 2 . For α parameters close to zero, the new slip systems which were latent in the first pass become active.
It should be noted that in the calculations, it was assumed that the ratio of 11 is the same for both passes of ASR processes. The change of 11 ratio may also lead to having a different strain path in the second pass of C-ASR.
